By finite difference time domain (FDTD) simulation, we report on the optical field distribution within edge coupled terahertz quantum well photodetectors (THz QWPs) in detail. The coupling efficiency of THz QWP structures are studied from three aspects, including the electrode geometry, the position of the active region and the coupling angle. According to the simulation results, proper electrode geometry is suggested in different frequency region, and the optimal position of active region and coupling angle are presented. These results provide a useful guidance for the design and fabrication of the edge coupled THz QWP.
I. INTRODUCTION
Due to the rapid development of terahertz science and technology, terahertz quantum well photodetectors (THz QWPs) have attracted more and more attention nowadays because of some unique advantages such as fast intrinsic response speed, wide wavelength coverage and the availability of a mature material and processing. 1, 2 Though assumed to be a natural extension of the traditional infrared (IR) QWPs to the THz frequency, the study on THz QWP is far from mature. At present, the primary goal of THz QWP investigation still remains to be improving the device performance as possible. Therefore, a lot of studies have been devoted to the device optimization. The device parameters, including the quantum well width, the aluminum fraction, the doping concentration and the quantum well number, are chosen to have the highest sensitivity and operating temperature. [2] [3] [4] [5] [6] It is known that optical field distribution within the detector is another key factor affecting the performance. 1,7 Helm 7 pointed out that the intersubband absorption with a small number of QW periods located near the surface could be enhanced by a metal coating. H. Schneider et al. 8 showed that the optical excitation within the active region of a mid-infrared QWIP was inhomogeneous and influenced the QWIP responsivity and its voltage dependence. The inhomogeneity can be suppressed by using mesa photodetectors where only half of the top contact is covered with metal. 8 By simulating the optical field of edge coupled IR QWPs, K. K. Choi pointed out that the 45 • coupling angle is not the best one. 9 To obtain better performance, realization of the optical field distribution is necessary in addition to the conventional optimization of the detector parameters.
In contrast to traditional IR QWPs, the wavelength of THz radiation is comparable to the device size of THz QWPs and much longer than the length scale of its active region, where the influence of optical field distribution is more significant. For THz QWP, the grating [10] [11] [12] [13] [14] [15] [16] and antenna [16] [17] [18] [19] [20] designs a Electronic mail: yuehzhang@sjtu.edu.cn have been carried out to obtain high absorption by adjusting the optical field inside the device. However, relevant studies on optical field distribution for THz QWP are still limited up to now. The detailed investigation on optical field distribution of the edge coupled THz QWPs has hardly been elaborated before. According to the intersubband transition (ISBT) selection rule of QWPs, only light polarized in epitaxial growth direction leads to the absorption. Therefore, 45 • edge coupled geometry is commonly employed to obtain a detector performance. 1 The realization of the actual optical field distribution inside an edge coupled THz QWP is essentially needed and important for device optimization.
In addition, 45 • facet coupled THz QWP is usually looked upon as a benchmark. To evaluate the performance of THz QWPs, different 45 • facet coupled THz QWPs are compared with each other experimentally. And THz QWPs with optical cavity design, e.g. grating or antenna, are usually compared with 45 • facet coupled THz QWP. However, due to the significant effect of electrode geometry on the optical field distribution, whether the comparison between different devices is meaningful arises to be a question and need to be studied carefully.
In this paper, we systematically simulate the optical field distribution of the edge coupled THz QWP in the entire THz radiation range theoretically by applying finite difference time domain (FDTD) modeling method. There are two electrode geometries (solid and ring) that is widely used in practical application of the edge coupled THz QWPs. So we first discuss the optical field distribution and coupling efficiency of two different electrode geometries in the THz range, which gives a guidance of the electrode geometry application for the edge coupled THz QWPs. Then we study the effect of the location of active region on the performance of THz QWPs and give the best location of the active region for THz QWPs operating at different peak frequencies. Finally, we investigate the effect of coupling angle and reveal the appropriate coupling angle at different frequency.
II. THEORETICAL MODEL AND METHOD
The finite difference time domain (FDTD) technique is used to simulate the optical field distribution in multilayer structures of THz QWPs. A schematic view of a random α angle edge coupled THz QWP for simulation is shown in Fig. 1(a) . This figure is not drawn to scale. The structure is composed of a top contact layer, multiple periods of GaAs/AlGaAs quantum well (MQW) active region, a bottom contact layer and the semi-insulating GaAs substrate. Au electrode is covered on the top and bottom contact layer. For the top Au electrode, either solid or ring geometry could be used in terms of practical need. The solid electrode means that the mesa is completely covered by a metal coating. Therefore, the size of the solid electrode is exactly as that of the mesa. As far as the ring electrode is concerned, we presume that it is very narrow compared with the size of mesa and the width is ignored in the simulation. The terahertz radiation light is shone normal to the edge facet. In order to simulate the spatial distribution of the optical excitation density along the growth axis, we assume that a light beam is incident on a facet with a wave vector k at an angle α with respect to the growth direction. The optical field distribution in direction perpendicular to the plane of incidence is invariant. Hence, a 2-dimensional model is employed in the simulation. The coordinates and the origin of the coordinates are labeled in the figure. y=0 denote the semiconductor-top metal interface. Due to the fact that only light polarized in y direction leads to the absorption, only y component of electromagnetic wave is concerned.
The prototype of THz QWP studied here is v266 from Ref. 21 . The thickness is 0.5 µm, 0.4 µm, 2.6 µm and 0.8 µm for the Au electrode layer, top contact layer, MQW active region and the bottom contact layer, respectively. The semi-insulating substrate thickness is usually in the range of 600 µm. The area of the mesa devices is set to be 400×400 µm 2 . It should be noted that the free-carrier absorption is relatively strong in terahertz region. In order to reduce the free-carrier absorption and plasma reflection of the contact layer, the doping concentration in the contact layer is usually designed to a relatively low level. Actually, the usual doping concentration is designed to be merely on the order of ∼1×10 17 cm -3 in terahertz region. 21, 22 For simplicity, the GaAs/AlGaAs MQW layer is replaced by a uniform intrinsic GaAs layer because of the low doping density and Al fraction in the calculation. The dielectric functions ε(ω) of GaAs is calculated in terms of a classical dielectric function for damped harmonic oscillators in combination with a Drude model: 12
The first term in the right describes the free carrier absorption. 23 
in the case of gold, ω M = 1.11×10 4 THz and δ M =83.3 ps -1 . Perfectly Matched Layers (PML) absorbing boundary conditions is applied. 24 Due to the fact that the doping concentration is usually low for THz QWP, the absorption is merely proportional to the period number of wells. 1 It's not necessary to take into account the difference between the active region absorption at different THz frequency. Therefore, the absorption efficiency is proportional to the coupling efficiency of the THz QWP. The average intensity of E y in the active region could be looked upon as a measure of the optical coupling efficiency. We define a normalized coupling efficiency η to be:
where S AR is the area of the active region, E y0 is the y component of incident electrical field.
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E y pattern in the entire THz QWP could give an intuitive view of the electrical field spatial distribution. We first present an example of E y pattern for a THz QWP with solid electrode geometry at 5THz in Fig. 1(b) . The E y pattern shows that the device forms a cavity with two parallel partial reflectors. Interference between the incident and reflected radiation gives rise to standing wave effects. Local maxima and minima can be seen clearly. The optical field spatial distribution varies obviously because of different electrode geometry. The arrow indicates the local optical field distribution around the mesa for solid electrode. As a contrast, the corresponding pattern in ring electrode case is shown on the left side. It is obvious that the optical field in the active region for the solid electrode is relatively strong, which means a higher coupling efficiency. In the case of ring electrode, the optical field above the top surface is strong where an evanescent field exists. The totally reflection critical angle of GaAs is about 17.6 • . When the light is incident at 45 • angle, it is totally reflected at semiconductor-air interface of the top surface. Thereby, there is no refraction light but an evanescent field. The evanescent field propagates along the semiconductor-air interface. And the amplitude decreases exponentially at direction perpendicular to the interface.
Up to now, THz QWPs that are studied experimentally before mainly operate in a range of 3.2 THz to 11.37 THz. 21, 22, 25, 26 To study the characteristic of THz QWPs in low, medium and high THz frequency region, we take 2 THz, 6.5 THz and 12THz as three typical THz frequencies in the following calculation.
III. NUMERICAL RESULTS AND DISCUSSION

A. The effect of electrode geometry
Previous studies show that the electrode geometry affects the optical excitation and thereby influences the absorption in mid-infrared. 8 To figure out the case in THz range, we consider two different types of electrode geometry, the solid and ring electrode. The |E y | patterns within the active region of 45 • edge coupled QWP with solid and ring electrode at 2 THz, 6.5 THz, and 12 THz are presented in Figs. 2(a)-2(f). It is clear that the electrode geometry affects the optical field distribution apparently. For the low THz frequency, e.g. 2 THz, |E y | in THz QWP with solid electrode is much stronger than that with ring electrode, as shown in Figs. 2(a) and 2(d). This means that solid electrode geometry is more suitable in low THz frequency. In contrast, for high frequency, such as 12 THz as shown in Figs. 2(c) and 2(f), |E y | intensity in THz QWP with ring electrode case is relatively large compared with the case of solid electrode. And for the medium frequency of 6.5 THz, the average intensity of E y | in the total active region area is comparable for such two different electrode geometries, but the intensity of |E y | at local position is different, as displayed in Figs. 2(b) and 2(e). Therefore, to obtain a high coupling efficiency, the active region should be located at some certain positions, which will be discussed in detail in the following section.
In order to determine the effect of electrode geometry, we calculate the coupling efficiency η of 45 • edge coupled QWP from 1 THz to 12 THz. We first simulate the coupling efficiency of without considering doping in contact layer, as shown in Fig. 2(g) . Based on the practically applied THz QWP structures (v266 in Ref. 1), the influence of different electrode geometry is demonstrate quantitatively. It is seen that the entire THz radiation range could be divided into three zones, the low frequency zone (1-6.7 THz), the medium frequency zone (6.7-9.8 THz) and the high frequency zone (9.8-12 THz). In low frequency region, the coupling efficiency η with solid electrode is always higher than that with ring electrode. This effect gets more and more obvious as the frequency decreasing. Due to the half-wave loss in solid electrode case, the intensity of interference light near the semiconductor-metal interface (where the MQW active region locates) is relatively strong. In low frequency region, the total thickness of MQW active region is much shorter compared to the wavelength of interference light, which means the MQW active region could wholly locates at the local maxima position. At 1 THz, the coupling efficiency for THz QWP with solid electrode is about 24 times higher than that with ring electrode, indicating the device performance would be sacrificed greatly if a ring electrode is applied improperly. In contrast, in high frequency region, THz QWP with ring electrode shows superiority. η in this case is about twice as the one with solid electrode at 12 THz. In the medium frequency region, η in both cases is low and comparable to each other because of the influence of the GaAs Reststrahlen band (7.5 -8.7 THz). 27 In this frequency region, the radiation electromagnetic wave and lattices vibrating of transverse optical mode couple with each other strongly, so that the reflectivity could be nearly 100%. The high reflectivity results in the low coupling efficiency. The discussion is in accordance with the real situation and could provide a guidance of the electrode geometry selection for the edge coupled THz QWPs.
It should be noted that the free-carrier absorption could have an influence on the optical field in the active region. In fact, this affecting factor has already been taken into consideration in the practical design of THz QWP. In order to reduce the free-carrier absorption and plasma reflection of the contact layer, the doping concentration is usually designed to a relatively low level. Actually, the usual doping level in the contact layer is designed to be merely on the order of ∼1×10 17 cm -3 in terahertz region. 21, 22 To evaluate the influence of the doping in contact layer, another simulation was also carried out in which the typical doping concentration of 1×10 17 cm -3 in contact layers are well considered. The simulation results are also given in Fig. 2(g) . The coupling efficiency η is reduced a little because of the free-carrier absorption in the doped contact layer for both electrode geometries. Nevertheless, the difference of between the two electrode geometries at a given frequency is almost equal as that without considering the doping. Because the resulted difference itself is not obvious and the final conclusion about frequency scope for the suggested electrode geometry is not changed, it is reasonable for us to neglect the effect of the doping in contact layer in the following simulations.
It is known that, the 45 • edge coupled device is usually looked upon as a benchmark. 1 To evaluate the performance, different THz QWP are usually needed to compare with each other and 45 • edge coupling is the most widely adopted coupling mode. However, according to the above discussion, the electrode geometry may affect the device performance greatly, especially in low frequency region. The performance of a THz QWP is better than another one doesn't necessarily mean a more reasonable device parameter if the effect of the electrode geometry is not considered. In terahertz frequency range, it is necessary to pay attention to the electrode geometry when compared. Different comparison results may be obtained if different electrode geometry is employed for the 45 • edge coupled THz QWP. This is also the case for the comparison between the grating (or antenna) designed THz QWP and the 45 • edge coupled THz QWP. In most cases, to verify the design superiority of the grating or the antenna structures, the newly designed structures are usually compared with the 45 • edge coupled THz QWP, too. But there may exist a misunderstanding or misleading on this issue. As a reference substance, what kind of electrode geometry is applied for the 45 • edge coupled THz QWP. The comparison should be based on the best performance values of both newly designed structure and 45 • edge coupled structure. However, the performance of conventional 45 • edge coupled structure was underestimated in some of the previous studies because improper electrode geometry is used. The THz QWP with ring electrode is obviously not suitable for comparison in low frequency region, which may lead to the benchmark value relatively low. And the results based on such comparison are clearly unreasonable and misleading. To provide a reasonable performance benchmark, a solid electrode should be used in low frequency region and a ring one is preferred in high frequency region. And it is necessary to point out the electrode geometry of the 45 • edge coupled THz QWP clearly when compared.
B. The effect of the position of the active region
According to the results of Figs. 2(a)-2(f), local maxima and minima of |E y | arise due to the interference between incident and reflected infrared light. To get higher coupling efficiency, the active region should be located around the maximum position of |E y |. The typical thickness of active region in THz QWP is around 2.6 µm, which is a much shorter length scale compared with the wavelength of terahertz light. This characteristic implies that the reasonable location of active region is of great significance for high coupling efficiency. And we need to know the spatial distribution of |E y | in the entire THz QWP.
The spatial distributions of |E y | within the top 30 µm (including the active region and part of the substrate region) at three typical frequency 2 THz, 6.5 THz and 12 THz are shown in Figs. 3(a)-3(f) . No matter what frequency and electrode geometry are, a standing wave of local maxima and minima can be seen clearly. In order to get higher coupling efficiency, the active region should be located around the maximum position of |E y | by inserting an additional spacer between the electrode and the active region. In the case of solid electrode, the first maximum positions of |E y | for 2 THz, 6.5 THz and 12 THz QWP are right at y=0 µm, as shown in Figs. 3(a)-3(c) . In contrast, in the case of the ring electrode, as presented in Figs. 3(d)-3(f) , the first maximum positions of |E y | are away from the top surface and locate at y=16 µm, y=5 µm, y=2.7 µm below the top surface for 2 THz, 6.5 THz and 12 THz QWP respectively. Therefore, the thickness of the spacer is dependent on the frequency of incident light. The lower the frequency is, the thicker the spacer is.
To obtain an intuitive view of the location of active region center and the corresponding thickness of the spacer, the spatial distribution of the optical excitation density along the growth axis in the case of both kinds of electrode are estimated in terms of Ref. 8 . For the solid electrode geometry, When the ring electrode is applied,
in the case of total reflection. Here, E is the electric field, k is the wave vector, kx = | k| sin α, ky = | k| cos α, α is the angle between k and the growth direction. Figs. 3(g)-3 (i) display the optical excitation density along the growth axis for solid and ring electrode geometry in terms of Eq. (2) and (3) at 2 THz, 6.5 THz and 12 THz. The optical excitation density is strongest at the peak position.
To obtain the high coupling efficiency, the active region should be located at the peak position. In the figure, the active region is demonstrated in shadow. It is obvious that in the low THz frequency, e.g. 2 THz, the length scale of the active region is much smaller than that of the wavelength. Therefore, the location of the active region will affect the coupling efficiency (and also the responsivity) of the device significantly. Taking 2 THz QWP with a solid electrode as an example, if the active region is centered at 8.1 µm (correspondingly the thickness of the spacer is 6.8 µm), the absorption will be 50% of the peak absorption. As the wavelength decreasing (frequency increasing), such as in the medium and high frequency, length scale of the active region is comparable to that of the wavelength. The effect of the active region location is not as sensitive as that at low frequency. Figs. 3(g)-3(i) show that the calculation results corresponding to the first maximum interference position based on optical interference theory are well consistent with the results calculated by FDTD. Figs. 3(i) also well explains why a ring electrode is preferred above phonon band in Section A. For normally applied 45 • edge coupled THz QWP discussed, the actual active region locates from y=0.4 to y=3.0 µm.
In this region, the optical excitation density for the ring electrode is higher than that for the solid electrode, resulting in a high coupling efficiency. The optimal central position of active region for 45 • edge coupled THz QWPs at different frequency is shown in Fig. 4 . According to the simulation results of Fig. 3 , if a solid electrode is applied, the active region should always be located at y=0 µm. However, considering the thickness of the active region, the optimal center position of active region is displayed in red line for solid electrode geometry. In the case of the ring electrode geometry, the optimal central position of the active region is far away from the top surface as the frequency decreasing. In fact, for an actual THz QWPs, it is not practical to use a very thick top contact layer considering the requirement of fabrication. Therefore, the optimal position only provides a guidance to approach. The actual central position of samples v265, v266, v267, L924, and L925 proposed in Ref. 21 and Ref. 22 are also given in Fig. 4 . Samples v265 and v266 were designed with top ring electrode, which is labeled by hollow symbols. Samples v267, L924 and L925 was covered by solid electrode, which is labeled by solid symbols. It is clear that the active region is away from the optimized position for samples v265 and v266, indicating that the coupling efficiency can be greatly improved if the central position of active region is changed. For sample v265, the actual position of active region is located at y=1.7 µm while the suggested optimal central position is located at y=3.4 µm. The optimized coupling efficiency would be 1.7 times as that of the present one. Similarly, for sample v266, the coupling efficiency would increase 1.7 times if its active region is put in the optimal location. This means that the device performance of sample v265 and v266 were sacrificed greatly because of the improper design of position of active layer.
C. The effect of coupling angle
Generally, the 45 • edge facet light-coupling geometry is commonly employed to obtain a detector performance. Though this geometry "throws away" part of the light, it is convenient to realize and usually used to obtain a detector performance benchmark. 1 However, whether 45 • is the best coupling angle and the dependence of the incident angle on the coupling efficiency need to be explored. K. K. Choi 9 studied the effect of the coupling angle on optical coupling efficiency of mid-infrared QWP with a solid electrode. Further investigations on THz QWPs with both solid electrode and ring electrode are needed.
As shown in Fig. 5 , we calculate the coupling efficiency at different incident angles. The relation between the coupling efficiency η and the incident angle at three typical frequency 2 THz, 6.5 THz and 12 THz are displayed. It is clear that the coupling efficiency shows obvious angular dependence no matter what kind of electrode geometry is applied. In the case of solid electrode, the coupling efficiency oscillates with the incident angle greatly and 45 • is apparently not the best coupling angle. When the angle is reduced, several peaks occur. For example, at 2 THz, the maximum η occurs at 13 • and is almost two times as that at 45 • . And at 6.5 THz and 12 THz, η also approaches the highest value at around 13 • , which agrees well with results of K. K. Choi. 9 Though the coupling efficiency can be enhanced as the wedge angle decrease, the GaAs substrate will be very thin and fragile, which is unpractical in the view of processing. As the angle increase, the coupling efficiency could also exceed that of 45 • . Such effect is more and more obvious as the frequency increasing. At 2 THz, η at 55 • is only 25.3 percent higher than η at 45 • . In contrast, at 6.5 THz, η at 65 • is 88.5% higher than that at 45 • . And in the case of 12 THz, η at 75 • is three times as that at 45 • .
The reason that several peaks (two to three) observed for angles in the range 10 • -30 • and the maximum observed at large angle (∼70 • ) could be understood as a waveguide effect 9 or the interference effect. However, it seems that the interference effect is more appropriate and easy to understand. To present such effect more intuitively, E y patterns in the vicinity of mesa at three angles are presented as examples in Fig. 5(d) . The schematic possible light paths for such three angles are also given in this diagram. It is clear that the light is reflected repeatedly between the semiconductormetal interface and the grinding facet. Local maximum of the coupling efficiencies could always be obtained at some specific angles where constructive interference condition is satisfied. Therefore, the coupling efficiency oscillates with the angle. In cases of small wedge angles, multiple reflections exist, leading to the constructive interference condition is satisfied more easily. So compared with the case at large angle, more peaks of the coupling efficiency occur.
In the case of the ring electrode, η also depends on the incident angle. Though η can also get the highest value at small angle, the difference between the peak value and the one at 45 • is not so significant at these frequencies. Therefore, 45 • could be looked upon as a good coupling angle. Compared with the case for the solid electrode, the oscillation with incident angle for the ring electrode fades a lot, especially in small angles. This is because in small angles the refraction occurs and less light reflects in the device, resulting in the constructive interference is reduced. In addition, because the phase changes compared with the case of the solid electrode, the peak coupling efficiency is found at different angles.
IV. CONCLUSION
We investigate the optical field distribution of edge coupled terahertz quantum well photodetectors by finite difference time domain technique. The optical field dependence of three possible factors, including the electrode geometry, the location of the active region and the coupling angle, was simulated and discussed in detail.
The optical field dependence of electrode geometry is first studied. For normally applied 45 • edge coupled QWP, the entire THz radiation range could be divided into three zones, the low frequency zone (1-6.7 THz), the medium frequency zone (6.7-9.8 THz) and the high frequency zone (9.8-12 THz). In low frequency region, the coupling efficiency for the solid electrode geometry is increasingly higher than that for the ring electrode as frequency decreases. Therefore, the solid electrode geometry is preferred in such frequency region. In medium region, both electrode geometries show weak optical coupling efficiency. In high frequency region, ring electrode geometry shows superiority. Due to this reason, it is necessary to point out the electrode geometry of the 45 • edge coupled THz QWP clearly when compared. The optimal central position of the active region to obtain a good coupling efficiency is then investigated. In the case of solid electrode, the optimal position of the active region should be right under the top surface (y=0 µm). In contrast, in the case of the ring electrode, the optimal position is away from the top surface. The thickness of the spacer is dependent on the frequency of incident light. The lower the frequency is, the thicker the spacer is. Lastly, we studied the dependence of the coupling efficiency on the incident angle. In the case of solid electrode geometry, 45 • is apparently not the best angle for optical coupling. η approaches the highest value at around 13 • . And as the coupling angle increasing, the coupling efficiency could also exceed that of 45 • . Such effect is more and more obvious as the frequency increasing. In the case of the ring electrode, 45 • could be looked upon as a good coupling angle.
The discussions on the optical field distribution of edge coupled THz QWPs under different situation provides guidance in designing the THz QWPs.
